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The material presented here explains the electronics 
of a magnetic guidance control system. The system is 
based on magnets embedded in the center of the roadway. 
If a vehicle passes near a magnet, fluxgate magnetometers 
sense the presence of the magnets and guidance pulses are 
developed and processed. The end result is a visual 
output which indicates the direction the driver must steer 
the vehicle for proper positioning on the roadway. 
The paper presents a solution to the detection prob-
lem caused by the sensor output being a function of the 
earth's field as well as the field of the guidance magnets. 
Specif'ic circuits and component values are developed for 
the circuit which solve the above problem and for all 
other circuits used in the system. 
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I. INTRODUCTION 
This thesis concerns a problem in transportation 
research currently being studied at the University of 
Missouri-Rolla1 • The over-all project intends to reduce 
the number of automobile accidents by increasing the ability 
of the driver to manuever his vehicle and consequently to 
stay on the roadway. The system will eventually provide a 
visual or tactile indication as to the direction the 
vehicle should be steered for proper positioning in the 
driving lane. The system will also provide digitally 
encoded data describing conditions of the oncoming roadway. 
Basically, the system presently works as follows: 
Sensitive magnetic field sensors called fluxgate-magneto-
meters mounted on the undercarriage of the vehicle sense 
the presence of magnets embedded in the center of the 
driving lane. If the vehicle does not pass directly over 
a magnet, signals detected by the sensors will be unequal 
and the difference is used to provide a steering error 
signal which is processed, then displayed visually. Thus 
driving over each magnet provides updated data as to the 
vehicle's position, while driving over a series of magnets 
provides disital data about the oncoming roadway. Eventually 
processing circuits will estimate the lateral velocity and 
acceleration of the vehicle path for compensation of the 
feedlock signal to the driver. 
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II. REVIEW OF THE LITERATURE 
Controlling the position of a vehicle on a roadway is 
not a recent development. As early as 1931 Adler was con-
cerned with apparatus to aid the driver in manuevering his 
vehicle2 • More recent developments in the vehicle guidance 
field include a system by Harned and Marchewitz designed 
around a cable buried in the roadway3. The cable conducts 
an alternating current which induces a voltage into 
specially placed sensor coils. An error signal is developed 
and applied to the power steering system. This system has 
two disadvantages: 1) the expense of burying the cable, 
and 2) conducting an alternating current through the cable. 
Several other guidance systems have been devised; however, 
they also use considerable length of cable buried in the 
roadway, the installation of which would be quite expensive4 ' 5• 
The systems thus far considered have made modifications 
to existing roadways and vehicles. Another class of systems 
has recently been receiving considerable attention6 ' 7 • 
Typically, these systems are not capable of operating on 
existing roadways. As an example, one such system studied 
by Wilkie uses magnetically levitated vehicles$. This 
system requires high levitation currents and a special track 
for vehicles to follow, neither of which now exists to any 
great extent. 
3 
A great many circuits which typify the needs of the 
system exist in the literature. Only a few of the books 
and articles are cited here which contain circuit informa-
tion pertaining to this project. Sevin9 and Naylor10 
provide Peak-Hold and Sample-Hold circuits using operational 
amplifiers and FET's which are popular today. Burr-Brown11 
considers many circuits involving operational amplifiers. 
Rekoff12 considers the implementation of simple transfer 
functions. There is no evidence of previous application to 
the vehicle guidance problems discussed here. 
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III. DEFINITION OF THE PROBLEM 
Figure 1 is a simplified block diagram of an early 
configuration of the system. Embedded magnets produced 
peaks in the magnetic field which were sensed by the 
magnetometers. These sensed pulses were converted to pulses 
of a usable form by the sensor electronics. The signal 
processing circuitry produced a continuous signal from a 
pulse which was capable of driving a visual display. 
The magnetometers are sensitive not only to embedded 
magnets, but any metal object capable of generating a 
magnetic field. The magnetometers also sense the earth's 
ambient field. For example, magnetometers sense the presence 
of bridges, culverts, railroads, metal sign posts, and the 
ambient earth's magnetic field. The guidance system is 
based on the relative strength of the pulses produced from 
sensing embedded magnets. If some other metal object was 
sensed, a pulse would be produced causing erroneous output 
of the signal processing block. 
The earth's ambient field appears at the output of the 
sensor electronics as a slowly varying direct current 
voltage when the vehicle is being driven along a roadway. 
This voltage was as much as 2 volts in peaks of the ambient 
magnetic field. Such output voltages cause erroneous output 
in the signal processing circuitry. 
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The purpose of this thesis is twofold: 1) develop a 
circuit which alleviates the effects of metallic objects and 
reduces the sensor electronics output to zero with no input 
pulses, and 2) develop circuits to be used as the signal 
processing block in Figure 1. 
Before attacking a solution for the ambient field 
problem, it is necessary to define some characteristics of 
the signal which is under consideration: 1) the signal 
pulse width is inversely proportional to the vehicle's speed, 
2) most ambient field signals have a much narrower frequency 
spectrum than the magnetic pulses, 3) metal objects in or 
near the roadway are capable of producing pulses very similar 
to the magnet pulses. The ambient field's comparatively low 
frequency spectrum suggests that a high pass filter might 
provide a simple solution to the problem; however, the 
varying pulse width of the magnet pulse precludes such a 
solution. 
A feedback network has been investigated which samples 
the output of the sensor electronics and feeds a compensating 
signal back to the magnetometers as shown in Figure 2. The 
feedback signal should be proportional to the ambient signal 
at the output of the sensor electronics and connect to the 
magnetometers so as to oppose the ambient field, thus can-
celling the effect of the ambient field. 
The purpose of the network is to feed back the slowly 
varying D.C. voltage appearing at the output of the sensor 











































resulting in a cancellation. Yet, the network must not pass 
the magnet pulses. Theoretically, the feedback network will 
eliminate the slowly varying D.C. voltage at the output of 
the sensor electronics~ 
The feedback network must be basically a low pass 
configuration whose cutoff frequency contains the smallest 
possible portion of the pulse spectrum so that the magnetic 
pulse will not be fed back to the magnetometers and result 
in a self-cancellation. The higher frequency pulses which 
are obtained by traveling at a higher rate of speed offer 
no problems with respect to the feedback network because the 
high frequency components are much greater than the cutoff 
frequency of the feedback network. It is the low frequency 
pulses, which result from the slowest vehicle speed at which 
the system is to operate, which will determine the low 
frequency cutoff for the feedback network. At the other 
extreme, all frequency components of any ambient fields 
present should be passed by the feedback network. It is 
advantageous to feedback as much of the extraneous signals 
as possible to reduce the effect of extraneous signals on 
the system. 
Because of the similarity between some metallic object 
pulses and the magnet pulses, such signals will be processed 
through the system; however, it is desirable to minimize 
the effect of such pulses. 
From these basic requirements, an expontially-weighted 
time averaging filter was chosen which has an open circuit 
voltage transfer characteristic of T(s) = K The 
s{s+a) • 
selection and design of this filter constituted the first 
part of the work leading to this thesis. 
The second portion of this thesis concerns the circuit 
following the sensor electronics, labeled "Signal Processing" 
in Figure 2. The purpose of these circuits is to convert 
pulses from the sensor electronics to continuous signals 
capable of driving a visual or tactile display. The signal 
must be continuous in a practical sense and indicative of 
required steering correction. A simplified block diagram of 
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Figure 3. Block Diagram of Signal Processing 
The circuits for this part of the system are developed 
in Section V. 
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IV. DEVELOP~ffiNT OF TH~ FEEDBACK NETWORK 
This section describes the deedback network develop-
ment by first deriving the filter parameters, then discussing 
advantages and disadvantages of various synthesis procedures. 
A. Determination of Filter Constants 
This section develops the original values of the 
constants K and a selected for the filter. A simplified 
model of the feedback system involving the filter is shown 
in Figure 4. Previously the compensation coil has not 
appeared in the block diagram form, but was considered to be 
an integral part of the magnetometers. For analysis to 





















The sensor electronics circuitry constant K was found 
experimentally13 • The open loop gain was found to be 
approximately 4 volts/oersted. The earth's magnetic field 
is approximately 0.5 oersted which provides a static open 
loop voltage output of approximately 2 volts, due to the 
earth's magnetic field. Experimentally, it was determined 
that a current of approximately 2 rna connected so as to 
oppose the earth's field, would result in zero output. 
Thus the detection circuitry constant is determined to be 
0.4 volts/rna. 
The transfer function for the second order system of 
Figure 4 is: 
R ( s) 
S(s) 
G(s) 
1 + G(s)H(s) 
where s is the Laplace Transform Variable, G(s) is the 
forward path transfer function and H(s) is the feedback 
transfer function 
( ) G(s) 
T1 
5 
= 1 + G(s)H(s) 
= 0.4 
Let F(s) be the characteristic equation: 
F(s) = 1 + G(s)!l(s) = 0 
1 + (0.4) ( K 
s ( s+a) ) = 0 
52 + sa + 0.4k = 0 ( 1 ) 
52 + 2dWn + w 2 n = 0 (2} 
1 1 
d and W are the damping ratio and natural radian 
n 
frequency of the second order system. d was picked 
arbitrarily for a small overshoot: d = 0.7. W is calculated 
n 
usin~ two assumptions 1) the magnet spacing is 15ft. and 
2) the operating range ~or the system is between 20 and ao 
M.P.H. The system is basically a high-pass system; there-
fore the low 1requency cutoff, Wn, is calculated using the 
20 M.P.H. extreme. 
20 M.P.H. 30 ft/sec 
The time between magnets equals 
15 ft/magnet 
30 ft/sec 
= 0.5 sec/magnet 
From experimental data taken from the simulated roadway, 
it was found that a pulse occupies approximately 20 per 
cent of the time. Thus a pulse width of 0.1 sec should be 





1 = ...,..--1..,...,... 
0.07 
- 14.3 RAD/sec 
(0.7)(.1) 
Equation (2) becomes s 2 + 2(0.7)(14.3) + 204 = 0 
Equating coefficient of Equation (1): 
a= 2dW = 2(.7)(14.3)- 20 
n 
6.4K = wn2 
2 
w 





These values were used for the initial choice of components. 
12 
B. Synthesis of' K 
s(s+a) 
Four dif'f'erent synthesis procedures were considered 
f'or the realization of' the transfer function K 
• 
s(s+a) 
two gyrator procedures produced non-realizable component 
The 
values and parameters K and a could not be varied easily in 
the NIC realization. The State Variable method provided 
exceptional results in several respects: 1) easy controll-
ability, 2) low output impedance, 3) high input impedance, 
4) simplicity and economy of' components, and 5) minimal 
number of' capacitors. The State Variable method was chosen 
f'or the realization. 
Circuit specifications must be considered before 
synthesis procedures can be appraised. The most important 
criterion in the present developmental stage of the system 
is that of' controllability of' the parameters K and a. 
Experimental on-the-road results have proven that the 
approximating models used f'or the magnetometers and sensor 
electronics to calculate the original values for the para-
meters K and a were not ideal. Another specification to be 
considered is that of' input-output impedances. Because of 
the marginal output impedance of the sensors, a relatively 
high input impedance is necessary, although the output stage 
of' the sensors is an emitter follower. A low output impe-
dance will be used to help eliminate loading effects on the 
following stage. These were the major specifications 
13 
considered; however, with consideration of future production, 
two other criteria should be considered: 1} the minimiza-
tion of components, and 2) the sensitivity of the transfer 
function with respect to a given component. 
Gyrator Realization 
This section discusses two attempts at gyrator 
realizations. The results both methods yielded were un-
expected nonrealizable circuits; however, an important fact 
is proven about passive realization in this section. No 
problem was anticipated in these synthesis procedures; 
however, the pole of the transfer function at zero frequency 
proved to be the limiting factor. 
Before synthesis procedures can be considered, a suita-
ble gyrator realization must be found. A simple gyrator 
realization is shown in Figure 5 • 
• 
: 
Figure 5. Gyrator Realization Using NIC 
This realization has a Y-parameter set of: 
0 
-G/K 1 





An operational amplifier realization of the INIC 
consists of the following circuit 
Two operational amplifiers are required to realize 
Figure 4; one operational amplifier to construct the INIC, 
another to realize the -R element. 
Having found a suitable gyrator realization, the next 
step is the synthesis of V2 /V1 = 
K 
s(s+a) 
The first synthesis procedure considered was that of 
M . 14 ltra • This procedure yields two networks, one ZRC 
driving point, and the other YRC driving point, which are 
placed at the gyrator's ports. The success of this method 
is dependent upon the ability to decompose the transfer 
function denominator. Calahan15 proved two necessary and 
sufficient requirements for decomposition, such that the end 
result would yield realizable driving point functions. The 
1 5 
transfer function v2;v1 = K/S(s+a) violates one of the two 
requirements necessary for polynominal decomposition, that 
condition being all real roots must be negative. Thus a 
pole at the origin violates this condition. As a result, 
this method was abandoned. 
A second method for gyrator synthesis is suggested by 
Newcomb16• This method synthesizes a lossless two-port 
using gyrators with termination impedances, which are resis-




Figure 6. 2-Port Synthesis Diagram 
From this network the followin~ equation can be derived. 







This equation leads to the inequality 
G2 V2 (jw) 
2 
4 < 1 for all w~O 













At w = 0, the function is unbounded, therefore this 
type of synthesis is not applicable to the required transfer-
function. 
The derivation not only eliminates this particular 
gyrator procedure, but also eliminates any LC synthesis 
terminated in resistive loads. In fact, if the transfer 
function is examined at w = 0, the circuit must have infinite 
gain, which is impossible for any passive circuit. Hence 
the conclusion that the required transfer function can not 
be synthesized using passive synthesis techniques, and the 
limiting factor has been the pole at w = O. 
NIC Realization 
With the advent of tne operational amplifier, practical 
realizations of negative impedance converters are now 
17 
possible. Huelsman offers a simple NIC realization using 
an operational amplifier and two resistors shown in Figure 7. 
Figure 7. NIC Realization 
A synthesis procedure based upon the NIC shown in 
Figure 7 was tried using the Yanagisawa 16 method • 
v2 N/P -y + kY K1 
== = a a 
v1 D/P (-y + kYa) + (-yb + kYb} s(s + a) a 
where N = numerator = K1 
D = denominator - s(s + a) 
p = polynominal - s + b 
N kYa Ya = K1 = K1 
sK1 
- - -p s+b s+b 
s2 D-N + sa 
- K1 
- kYb - yb = 
p s + b 
= s + 
= s + 
= s + 
2 
(a-b) K1+ ( ab-b ) 
-
s + b 
as + ab - K1 - ab + b 2 
s + b 
as + b 2 - K1 
-b 
5 + b 
if b 2 = K a s 




The realization for this procedure is shown in 
Figure 8. This procedure yielded a poor circuit with 
respect to controllability of the parameters K and a. 
Recalling that b was chosen with respect to K1 , seven 
external elements are required; five elements are functions 
of' K1 and two elements are dependent. Another disadvantage 
for this circuit is its non-minimal number of capacitors. 










Figure 8. NIC Synthesis Realization 
19 
State Variable Realization For K 
s(s+a) 
State variable synthesis will be considered as it 
lends itself to easy circuit realization as well as having 
high input and low output impedances when using operational 
amplifiers. By using the cascade approach to State 
variable synthesis the parameters K and a can be easily 
controlled. 






_ , and K1 == a 
Kos + K0a + K1 s 
s(s+a) 




( 1 ) 
( 2) 
( 3 ) 
From Equation No. 3, it can be seen that the para-
meter K can be independently controlled by the gain K0 , 
while changing the parameter a changes the D.C. gain as 
well as the pole position. 
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An analog simulation of the left side of Fquation 
No. 1 is shown below. 
a 
State variable synthesis has many circuit realizations 
but only one has been shown. Anotber cascade realization 
was tried and the results are discussed in tbe conclusion. 
An operational amplifier realization of the transfer 
function V2 = K = 510 is the following: 
V1 s(s+a) s(s+20) 
10uF. 
c1 
















s + 1 R3C 
1 1 
= = 
a C 20 X 10-5 
= 20 = 4K 






The change in parameters with respect to a given 
chan~e in component values should be checked after a 
realization has been found. As an example, with the 
parameter a 1 it can be shown that the per cent 
- RC ' 
change in a equals X 100 per cent where equals 
-
X 
1 + X 
the fractional change in R or C. A one per cent change 
in R would cause a -0.99 per cent change in a. Thus, small 
variations in R or C will cause small variations in a. 
A similar relationship can be shown for the parameter K. 
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V. SIGNAL PROCESSING ELECTRONICS 
This section discusses the circuits following the 
sensors. The output of these circuits should be capable of 
driving a visual indicator. A block diagram of this part 
of the system is shown in Figure 9. 
The system works as follows. The sensor signals are 
subtracted, a difference of zero indicating that the vehicle 
is being driven directly over the magnets. If the left 
sensor is receiving a stronger signal than the right the 
difference is positive, indicating the vehicle is positioned 
too far to the right. The output stage should indicate to 
the driver that the vehicle should be turned to the left for 
correction. On the other hand, if the right sensor receives 
a stronger signal than the left the difference has a 
negative value, thus indicating the right sensor is close to 
the magnet and the output indicator should direct the driver 
to the right. 
The absolute value circuits are used to convert signals 
of either polarity to monopolar signals in order that 
differencing may take place for steering. In addition, 
magnets of either polarity may then be used for steering 
and polarity may be used to encode digital information. 
If the difference output is non-zero, then the Peak-
Hold circuit holds the peak of the pulse for the duration of 
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it completes one cycle during the pulse and is in the reset 
mode between pulses. The Track-Store circuit is triggered 
simultaneously with the Peak-Hold circuit with the Track-
Store circuit in "track" mode during the pulse duration and 
in "storett mode between pulses. The Track-Store circuit 
will hold the peak of the pulse until reset at the beginning 
of the next pulse. This type of signal is adequate to drive 
a meter movement in a smooth manner. Figure 10 shows the 
progression of a pulse through this part of the system. 
Circuit Realization 
The first realization of the absolute value circuit, 
shown in Figure 11, took advantage of the phase inversion 
in a transistor amplifier 
r/LIL 
Figure 11. Transistor Absolute Value Circuit 
Differenced Signal 
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I I I 
I I I I I I 
I I I : I I 
D - Clock Circuit n H 
r --~ ~~ ·-~ 
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: : : I :l!l I I 
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Peak-Hold Circuit 1 ...--; ! 
Track-Store Circuit 




The circuit is essentially a full wave rectifier with 
a transistor used as a phase splitter. The circuit per-
formed quite well at frequencies above 50 Hz with 
C1 = c2 100 F; however, where pulses of 20 to 200 msec. 
duration were applied, the capacitors had to be greatly 
increased in value for proper operation. At this point, it 
became more economical to use an operational amplifier 
circuit which required no capacitors than to use a tran-
sistor circuit requiring two quite large capacitors. 
The absolute value circuit presently used is shown in 
Figure 12 and is an operational amplifier full wave rectifier. 
R R 
Figure 12. Absolute Value Circuit 
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The difference stage (Figure 9) is a simple operational 
amplifier used as a summing amplifier. The diodes in one 
of the absolute value circuits are (Figure 13) reversed, 
making it possible to obtain the difference signal from the 
summing amplifier, and to reduce the number of components 
required. 
The Peak-Hold circuit is a standard series diode and 
shunt capacitor plus a transistor used to reset the circuit. 
The circuit is shown in Figure 14. Two branches are 



















Figure 14. Peak-Hold Circuit 
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The Track-Store unit is a simple operational amplifier 
circuit using an FET switch10 • As in the previous circuit, 
this one must also be bipolar. The circuit is shown in 
Figure 14. 
With the FET switch closed and in "track" mode, the 
circuit acts an an amplifier with a relatively fast time 
constant. As the FET switch opens, the capacitor clamps 
the output at the voltage held by the capacitor just before 
switching. ("Store" mode) 
The capacitor value must be large enough so that there 
is little discharge current while in the "store" mode; but, 
at the same time, small enough to allow only a small delay 
when acting as an amplifier. 
The interconnection of the Signal Processing circuits 
is shown in Figure 13. 
Optical Electronics 
At the present time the visual indicator consists of a 
meter mounted in a box17, 1g. Illuminating lights reflect 
an image of the needle through an optical lens. A meter 
deflection one-half of full scale de£lection will indicate 
that the vehicle is moving in the correct direction, that 
is, directly over the magnets. As seen from the previous 
discussion, the output of the summing amplifier will be zero 
when the vehicle is directly over the magnets. Therefore, 
it will be necessary to provide an offset voltage to the 
30 
input of the output operational amplifier. With ttis 
offset properly adjusted, a negative voltage at the output 
of the summing amplifier will deflect the needle one 
direction while a positive signal at the same point will 
deflect the needle in the opposite direction. 
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VI. CONCLUSION 
Four basic types of synthesis procedures were examined 
for the realization of K The State Variable approach 
s(s+a)· 
was chosen for several reasons: 1 ) controllability of the 
K and a, 2) simplicity of the realized circuit, 3) high 
input impedance, 4) low output impedance, 5) economy of 
realization, 6) minimum number of capacitors. 
The limiting factor in the gyrator procedure, and in 
any passive procedure, is the pole of the transfer function 
at s = 0. This requires a gain of infinity at D.C. which 
is impossible for passive physically realizable circuits. 
The voltage at the output of the sensor electronics 
reached peaks as high as 2 volts before installation of the 
feedback network. After the network was inserted, maximum 
peaks were no more than one-half a volt, which only occurred 
directly following a pulse. 
The cascade approach of State Variable synthesis used 
for transfer function 5ynthesis in Section IV is not unique. 
Another cascade realization was tried and the end result 
was that the ~ and K2 blocks were interchanged. Using ~ s+a 
this realization, that is K~ block following the s~~ block, 
resulted in saturation of the output operational amplifier. 
The integrator could not handle the signal level from the 
K2 block without saturation. On the present circuit, 
s+a 
which has the !1 block followed by the !fa' there are no 
saturation problems. 
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The cascade approach was considered more favorable 
than other realizations such as "parallel" and ncanonical" 
because of the number of operational amplifiers required. 
Ty-:)ically, such realizations require a summing junction, 
which takes the form of an operational amplifier, in 
addition to the minimum number of required operational 
ampli~iers. Thus, in the interest of economy, realizations 
requiring only two operational amplifiers were considered 
more desirable than circuits with three operational ampli-
fiers. 
The system presented in this thesis has been assembled 
in a prototype model. An automobile has been manuevered 
on a roadv>Jay using only the output from the summing ampli-
fier (Figure 13) for steering correction. The circuits 
have not been optimized as the system is in the develop-
mental stages. 
A feature of this system which has not been discussed 
is that of sensing encoded data from the magnets19. 
Magnetometers are capable of detecting the polarity of the 
magnet over which the vehicle passes. 
The pulses need only be gated through saturation 
inverters or Schmidt triggers for pulse shaping and then 
fed into logic circuits for decoding. A variety of data 
may be stored in the embedded magnets for system decoding, 
data such as the conditions of the oncoming roadway. 
33 
Further Work 
Several simplifications could be made to the elec-
tronics of the system. With a proper choice of components, 
the Peak-Hold and Track-Store circuits can be combined into 








Figure 15. Proposed Signal Processing 
With this circuit configuration, the FET switch is 
triggered so that it is closed during the pulse and open 
between pulses. The capacitors charge to the peak-pulse 
value and hold until reset. The reset pulse comes fro~ a 
34 
fast monostable oscillator triggered on tr.e leading edge 
of each pulse. Output loading effects are minimized by 
using an operational amplifier. 
This circuit will have only slightly inferior 
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